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Human vision fails to distinguish widespread
sexual dichromatism among sexually
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Historical scenarios of evolution of avian plumage coloration have
been called into question with the discoveries that most birds can
see UV light (which normal humans cannot), and that UV-reflecting
plumages are widespread in birds. Several examples of sexual
dichromatism not detectable with human visual capabilities sug-
gest that our categorizations of plumages as sexually mono- or
dichromatic might often be incorrect. Nonetheless, given the lim-
ited taxonomic scope of those examples, the vast majority of
sexually monochromatic birds are still treated as such without
question in avian research. Herein, | show that >90% of 139
species, in a broad sampling of presumed sexually monochromatic
passerine birds, were actually sexually dichromatic from an avian
visual perspective, based on comparisons of plumage reflectance
data using a visual model of color discrimination thresholds. The
taxonomic ubiquity of this result suggests that many existing
interpretations of evolutionary patterns of sexual dichromatism in
birds are erroneous. The visual model used herein provides a
method for quantifying sexual dichromatism, revealing that most
(58.7%) feather patches sampled lie along a continuum of dichro-
matism between avian and human discriminatory abilities and
could represent unrecognized sexually selected signals. Sexual
dichromatism in this study rarely resulted from intersexual differ-
ences in UV coloration alone, emphasizing the need for analysis
of bird coloration in relation to the full extent of avian visual
discriminatory abilities, including, but not limited to, UV-visual
capabilities.

color vision | plumage evolution

S ince Darwin, explaining the function and evolution of mor-
phological differences between males and females (sexual
dimorphism) has generated intense scientific interest (1). Birds
exhibit impressive examples of sexual dimorphism, often due to
striking differences in plumage coloration between males and
females (i.e., sexual dichromatism). Sexually dichromatic species
are often assumed to have evolved from sexually monochromatic
ancestors, by means of sexual selection for trait elaboration (2).
However, existing interpretations of evolution of sexual dichro-
matism are based on human visual assessments of avian colora-
tion (e.g., 3-5). The validity of this approach has been questioned
in recent decades, with the demonstration that many bird species
can see UV wavelengths due to the presence of a fourth cone cell
type in the retina that is receptive to UV light (6, 7). Avian color
discrimination is also fundamentally different from that of
humans: Birds perceive a greater diversity of colors than do
humans (8) and are capable of differentiating two colors within
human color space that humans cannot discriminate, because of
oil droplets associated with each type of photoreceptive cone cell
(9, 10).

More recent discoveries of examples of sexual dichromatism
hidden from human perception (11-16) further suggest that pre-
vious interpretations of avian plumage coloration may be mislead-
ing (13). Specifically, large numbers of species appearing sexually
monochromatic to humans (henceforth monochromatic"™™a") may
in fact be perceived as sexually dichromatic by birds (henceforth
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dichromatic®i"). Although existing research showing hidden col-
oration in avian plumage has focused on UV wavelengths (e.g., refs.
11, 12, and 17), evidence exists that differences in plumage colors
extend across the portion of the light spectrum perceptible to
humans (15, 16, 18). Hence, analyses of avian coloration should
consider the full extent of avian visual capabilities to assess avian
sexual dichromatism across species (13). Herein, I analyze the
plumage coloration of 139 monochromatic™™a" passerine species
using a visual model of color discrimination (19) and demonstrate
that interpretations of avian coloration based on human visual
capabilities are almost invariably erroneous.

Materials and Methods

Data Collection. I sampled all color patches on 139 sexually
monochromatic"'™man species from the order Passeriformes (see
Table 1, which is published as supporting information on the
PNAS web site), 49 of which had previously been identified as
monochromatic, and the remaining 90 identified by me in review
of specimen series. Two species were chosen from every sub-
family [in Fringillinae two species were chosen from every tribe
(20)]. All species chosen by me were confirmed as monochro-
matich'™#" by two independent observers unaware of the project
goals. For each species, I selected research study skins of five
males and five females with the freshest-looking breeding-season
plumage from the same general locality when possible. All
specimens examined were from the collections at the Field
Museum of Natural History and the American Museum of
Natural History.

I sampled colors using an Ocean Optics (Dunedin, FL) S2000
spectrometer equipped with an R200-7-UV/VIS reflectance
probe and a PX-2 pulsed xenon light source. Data, which consist
of the percentage of light reflected at each wavelength from 300
to 700 nm calibrated against a Spectralon white reflectance
standard, were collected with OOIBASE32 software (10 scans
averaged per reading), with the reflectance probe oriented
perpendicular to the measured surface. The probe was housed
in a black rubber hose to minimize incident light and keep the
measurement distance constant.

Color measurements were taken within “feather patches,”
defined as areas of continuous human-visual coloration (e.g.,
black, blue, and yellow) >4 mm? (the limit of resolution for the
equipment). Therefore, finely barred, streaked, or mottled plum-
age was ignored. Depending on species’ coloration patterns, I
sampled one to eight patches per species, for a total of 552
feather patches sampled among the 139 study species, with 10
measurements (5 male and 5 female) saved for each patch. Raw
spectral data were averaged into 10-nm bins between 300 and
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700 nm, resulting in 41 reflectance values for each color mea-
surement taken. For each of the 552 homologous feather
patches, I averaged reflectance for males and for females.

Data Analysis. I calculated discriminability of color for each pair
of homologous male and female feather patches using the
Vorobyev-Osorio color discrimination model (19, 21). The
model calculates a distance in avian color space (AS), defined
by the quantum catches of each receptor type (i.e., cone cell)
in the avian retina. The model assumes only that color
discrimination in this perceptual space is limited by noise
originating in the receptors, and that no visual signal results
when stimulus and background differ only in intensity (21).
The model is supported from behavioral data for birds, bees,
and humans (21-23) and allows color discrimination to be
predicted for di-, tri-, and tetrachromatic visual systems given
only that spectral sensitivities and relative numbers of photo-
receptor types be known (19, 21).

To calculate AS, I first calculated total output (receptor
quantum catch) for each avian cone cell type i using the following
equation (equation 1 of ref. 21):

Q; = iR(M)S(MI(A)dA, (1]

where A denotes wavelength, R;()) is the spectral sensitivity of
cone cell type i [data provided by N. Hart (24), taken from the
blue tit, Parus caeruleus], S(A) is the reflectance spectrum of a
given feather patch, I(A) is the irradiance spectrum entering the
eye, and integration is over the entire avian visual range (300—
700 nm). Q;—Q4 represented the receptor quantum catch of the
UV-sensitive cone (UVS), the short-wave-sensitive cone (SWS),
the middle-wave-sensitive cone (MWS), and the long-wave-
sensitive cone (LWS), respectively. Spectral sensitivity data,
R;()), exist for very few bird species sampled in this study, so the
blue tit values were used as a representative passerine visual
system. These data likely provide a good estimate for other
species, because passerine visual pigment characteristics (and
thus cone-cell sensitivities) are highly conserved over much of
the visual range (25). Because I was not studying the effects of
viewing feather patches in different light environments, I set I(A)
as 1 in all calculations.

The signal of each receptor type, f;, is proportional to the
natural logarithm of the respective receptor quantum catch,
which are normalized against an adapting background (equa-
tions 2 and 3 of ref. 21). Reflectance spectra of four different
backgrounds, S”(A) in equation 2 of ref. 21, were incorporated
into separate analyses, all yielding the same qualitative results.
SP(X) for results reported here was an average reflectance from
six green leaves (Quercus spp.), which produced data very similar
to figure 3b of ref. 21. (The three other backgrounds were black
felt and a white reflectance standard, representing extremes in
background reflectance across wavelengths, and an average
reflectance from six pieces of tree bark of unknown species
collected from the forest floor of a northern deciduous forest.)
The distance (AS) between each homologous feather patch in
males and females was then calculated as (equation 8 of ref. 21)

(A8)? = [(010:)*(Afs = Af3)” + (0103)*(Afs — Af2)?
+ (010)°(Af3 = Af)” + (0203)*(fy — Af)?
+ (0200 %(Afs = A1) + (w304)*(Af> — Af1)?]/
[(010,03)” + (010204)* + (010304) + (02030,)°],
[2]
where w; is the noise-to-signal ratio (Weber fraction) for recep-

tor type i. I used Vorobyev’s (21) estimate of the Weber fraction
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for the LWS cone, which is based on empirical estimates of
behavioral data from the Pekin robin, Leiothrix lutea (w4 = 0.05).
Relative values of w; are defined by the relative proportions of
receptor types in the eye, and thus the remaining w; were derived
(see equation 10 of ref. 21) from estimates of relative numbers
of receptor cell types, 1;, based on anatomical data from the blue
tit (24). Although m; do vary interspecifically among passerines
(26), these data are available for very few species. To assess
sensitivity of my results to different receptor type ratios, I
recalculated all AS using Weber fractions derived from m; values
for the European blackbird, Turdus merula (24), as well; al-
though AS values did change, overall results were qualitatively
identical (see ref. 27).

From Eq. 2, AS is expressed in jnd (just noticeable differ-
ences), where 1.0 jnd is the threshold value for discrimination
of two colors. Thus, AS < 1.0 jnd indicate colors that are
indistinguishable, whereas AS > 1.0 jnd indicate the magnitude
of discrimination above threshold (10, 21, 28). I defined a
feather patch as dichromatic®#" when AS > 1.0 and a species
as dichromatic®a" if it possessed at least one dichromatic®Vian
feather patch. Because visual performance varies over species
and viewing conditions (21), I reassessed dichromatism using
AS values of 0.5, 1.0, 1.5, and 2.0, respectively, to define
threshold discrimination. The AS values in this study represent
the Euclidean distance separating two colors in avian percep-
tual color space, and larger values indicate more easily distin-
guishable colors (21, 28). Although, the discrimination thresh-
old defined by the Vorobyev—Osorio model agrees well with
measured spectral sensitivity data for the Peking robin and the
pigeon (Columba livia) (21), the exact mathematical relation-
ship between a behavioral response, discrimination of color,
and increasing AS is difficult to interpret. Generally, at jnd =
1.0 for threshold discrimination, two colors are barely distin-
guishable under ideal conditions, and as jnd becomes larger,
two colors are more easily discernable under worsening view-
ing conditions (28).

Because average reflectance curves were used in the color
discrimination model, between-sex differences identified by the
model might not be biologically functional if variance in colora-
tion within sexes is so broad as not to be a reliable visual indicator
of sex. Hence, I assessed intraspecific variation in coloration
between sexes using logistic regression (PROC GENMOD, SAS V.8.0,
SAS Institute, Cary, NC), with sex (1 = male, 0 = female) as the
response variable and Q; (i.e., receptor quantum catches, Eq. 1)
as predictor variables. I modeled the probability of an individual
being male given a value for Q;, for each of the four receptor
quantum catches for each feather patch within each species. If
the model regression coefficient estimate was zero, then that
quantum catch had no effect on sex (i.e., it cannot predict sex).
A positive regression coefficient indicated an increased proba-
bility of an individual being male with larger values of Q;
whereas a negative regression coefficient indicated a higher
probability of being female with larger values of Q;. I used
likelihood ratio confidence intervals for estimating whether
strong correlations existed between the response variable (sex)
and the predictor variables (Q;—Q4) for each feather patch.
Given the small sample sizes for each feather patch comparison
(n = 10), I report 85% upper and lower confidence intervals
around the regression coefficient estimates (29) (see Table 1).

Results and Discussion

The color discrimination model indicated that the vast major-
ity of sexually monochromatichman gpecies sampled in this
study were actually sexually dichromatic to the avian visual
system, regardless of the thresholds used to define dichrom-
atism (Fig. 1f). Ata AS = 1.0 jnd threshold, 129 of 139 (92.8%)
species sampled possessed at least one dichromatic®i2" feather
patch. Even when the threshold for discrimination was doubled
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Fig. 1. Percent of passerine species classified as sexually monochromatic

(black) or sexually dichromatic (white). (a) Estimated proportions of all pas-
serines (by 30) based on human visual capabilities. (b—e) Reestimated propor-
tions of all passerines from an avian visual perspective, based on the results of
this study. () Percent of 139 human perceived sexually monochromaticspecies
sampled defined as sexually monochromatic or sexually dichromatic under the
Vorobyev-Osorio model (19), assuming different discrimination thresholds of
AS (injnd). Each reestimation (b-e) is derived from the corresponding (directly
below) percentage of dichromatic species shown in f, based on the indicated
discrimination threshold value. The plumage classifications of the majority of
all passerine species are in conflict from an avian visual perspective compared
with a human visual perspective (compare a with b—e), unless threshold
discrimination was set very conservatively (=2.0 jnd).

(AS = 2.0jnd), 84 of 139 (60.4%) species were dichromaticVian
(Fig. 1f). Passerine birds represent the largest avian radiation
[>5,000 species (20)], and previous workers have estimated
that 69% of these species are sexually monochromatichvman
(30) (Fig. la). Whereas some have pointed out that this
estimate may be slightly high (13), my results indicate that it
is a vast overestimate when avian visual capabilities are
considered. Even under conservative thresholds for discrimina-
tion (1.5-2.0 jnd), I reestimated that only 18.4-27.3% of all passe-
rines are sexually monochromatic®" (Fig. 1 d and e). Historical
dependence on human color perception has led to overestimates of
numbers of species that are functionally monochromatic (i.e.,
monochromatic®i#"); my results revealed widespread conflict be-
tween human and avian perception of plumage for a large propor-
tion of these species (Fig. 1 b—e).

The human-avian perceptual conflict of plumage for many
birds calls into question current interpretations of evolutionary
patterns of sexual dichromatism. Mistaken designation of a large
proportion of dichromatic®i" species as monochromatic fo-
cused research on evolution of sexual dichromatism to a state
detectable with human visual capabilities, consequently inter-
preting gains of sexual dichromatism as the origins of sexual
dichromatism. Furthermore, although dichromatic forms have
often been assumed to be derived from monochromatic forms by
means of sexual selection for ornamentation (2), recent research
has found sexual dichromatism commonly to be the ancestral
condition, with selection acting to reduce ornamentation in one
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Fig.2. Example of one quantum catch (Q;) that was strongly correlated with
sex under a logistic regression model. The example shown here, from the head
coloration of Prinia atrogularis, used a logit link function to back transform
the predicted probability of an individual being male given a value for Qs (i.e.,
quantum catch for the middle-wave sensitive cone; Eq. 1), based on the
regression coefficient estimate (Table 1) from logistic regression modeling
(see Materials and Methods). The five male Qs (black circles) and five female
Qs (white circles) values used to estimate the regression coefficient are plotted
to confirm that increasing values of Qs strongly correlate with an increasing
probability of an individual being male in this example.

sex (reviewed in ref. 5). The prevalence of dichromaticVia
species found in this study, including several basal passerine
lineages (31), suggests that comparative methods would recon-
struct a dichromatic®i" ancestor for all passerines, although
detailed analyses remain to be conducted. In general, my results
support a revised picture: A few monochromatic forms evolved
from dichromatic forms, although an extreme bias in the evo-
lution of dichromatism from monochromatic®'" ancestors can-
not be ruled out (32). Ultimately, further targeted taxon sam-
pling combining analyses of plumage coloration relevant to avian
visual capabilities with comparative methods is needed to de-
termine the directionality of plumage change within passerine
lineages.

The Vorobyev—Osorio model defines color discrimination
based on integration across the entire range of visual wave-
lengths, giving no indication as to the relative contributions of
specific wavelengths causing perceptual differences. UV plum-
age colors have been shown recently to be taxonomically wide-
spread in birds (18, 33, 34), contributing to sexual dichromatism
that humans cannot see (11-16). However, logistic regression
modeling showed that only 23 of 552 (4.2%) feather patches
sampled (representing 22 species) had strong correlations be-
tween only Qq (i.e., the UV quantum catch) and sex (see Table
1). In contrast, 198 of 552 (35.9%) feather patches had strong
correlations between at least one of Q,—Q, and sex, indicating
that wavelengths within the human visual range (400-700 nm)
were strong predictors of sex, even though a given pair of
homologous feather patches appeared as identical to the human
eye. Hence, sexual dichromatism hidden from human perception
commonly spans wavelengths within human visual capabilities
(Q2—Q4), and not just in the UV. My data suggest that future
studies need to consider the potential for intersexual color
differences perceptible to the avian visual system even on species
lacking plumage with likely UV-reflecting colors (e.g., blue or
violet; see refs. 15, 16, and 18).

For 119 of 139 (85.6%) species sampled, at least one
quantum catch for one feather patch was strongly correlated
with sex (Fig. 2). For 33 of 552 (6.0%) feather patches (found
on 28 species) there was no overlap in quantum catch values
between males and females for at least one Q;, and thus that
portion of coloration predicted sex perfectly (see Table 1). My
results are based on relatively small sample sizes for each
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Fig. 3. Proportions of 552 feather patches sampled from 139 human-
perceived sexually monochromatic species with different magnitudes of sex-
ual dichromatism from an avian visual perspective. Dichromatism scores are
equivalent to AS (in jnd) calculated from Eq. 2. Assuming a threshold for color
discrimination of 1.0 jnd, a large proportion of feather patches sampled (all
=1.00 jnd) lie along a continuum of avian sexual dichromatism that is not
detectable with human visual capabilities.

feather patch comparison (» = 5 males and 5 females), and
larger sample sizes would provide useful information regard-
ing within-sex variance in coloration. If between-sex variances
in coloration for many of the feather patches were exceeded by
within-sex variances, then the biologically functional relevance
(i.e., reliability of plumage color to indicate sex) of intersexual
color differences would be in question. Overall, the logistic
regression showed small within-sex variances in relation to
between-sex variance for many feather patches. Because the
goal of this study was to sample widely across taxa, sample sizes
were exchanged for taxonomic breadth; nonetheless, my re-
sults support the average colors used in the color discrimina-
tion model as biologically functional information (29), and a
functional correlation between human-invisible coloration
and sex for many of the monochromatich'™a" species sampled
in this study appears clear.

Herein, the visual model calculated distance in avian percep-
tual color space (AS) between each conspecific male and female
feather patch. Thus, AS calculations represent a means to
quantify sexual dichromatism (Fig. 3), explicitly considering
birds’ color discriminatory abilities. Assuming a threshold for
discrimination of 1.0 jnd, the magnitude of dichromatism for a
feather patch can be calculated as AS — 1. AS values for feather
patches sampled in this study ranged from 0.06 jnd (head
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coloration of Pseudochelidon eurystomina) to 12.71 jnd (crown
coloration of Phlegopsis nigromaculatus); 324 of 552 (58.7%)
feather patches sampled would be perceptible as sexually di-
chromatic to birds (AS > 1.0 jnd; Fig. 3). Although previous
research quantifying dichromatism established dichromatism
values across species (e.g., refs. 3, 4, and 35), lower bounds for
this continuum were set by the limits of human color discrimi-
nation. As a result, most studies of sexual selection for elaborate
color ornamentation have focused on only a subset of the
continuum that is functionally relevant to birds (e.g., many
examples in ref. 2). Recent research concluded that avian
plumage signals can exploit intertaxon perceptual differences
(36), and inclusion of conspecific signals hidden from human
investigators but shown in this study to be available to birds could
further facilitate understanding of functions of plumage colora-
tion. For example, since the discovery of sexual differences in the
blue-UV crown coloration of blue tits (11-12), color in this
feather patch has been shown to be important in social interac-
tions (37), mate choice (38), parental care (39), and offspring sex
ratios (40).

In conclusion, the Vorobyev-Osorio color discrimination
model (19) offers an approach to quantifying sexual dichroma-
tism in relation to avian visual capabilities. My results indicate
that sexually monochromatic®V#" passerine bird species are much
less common than previously thought. These results have far-
reaching implications for behavioral and ecological studies of
birds, because plumage signals hidden from human perception
might be a pervasive feature of avian coloration and not merely
restricted to UV wavelengths. Furthermore, the results of this
study refocus questions of plumage evolution toward an expla-
nation of the rarity of monochromatic species, rather than
dichromatic species, which could provide novel insights into the
role of different selective pressures driving avian plumage
evolution.
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